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Abstract 

A sensor has been constructed by adsorptive immobilization of horseradish peroxidase onto a glassy carbon electrode, thus 
permitting a sensitive chronoamperometric determination of low micromolar levels of hydrogen peroxide. The method is based 
on enzymatic reduction of the substrate (HjOJ by peroxidase and subsequent electron transfer from the glassy carbon electrode 
to the enzyme, via a redox mediator. To a mediator solution (0.5 mM of ferrocene roonocarboxylic acid in a 0.05 M buffer 
solution of phosphate at pH=7^0, OS ml volume), 50 of the sample of H 2 0 2 is injected and the current-time response 
is recorded with an applied potential of +50 mV. The peak height of the obtained chronoamperogram varies linearly with 
the final H 2 0 2 concentration in the range 0.5xl0 _7 -5xl0-' M. The attained detection limit of the enzyme electrode is 
4x 10"* M (1.4 ng ml" 1 ) of H 2 0 2 in the final solution. The lifetime of the sensor is at least one week (about 120-160 analyses 
are carried out in this time). The effects of possible interferences of uric acid, ascorbic acid, haemoglobin, riboflavin, bilirubin, 
albumin, glutathione, D+glucose, pyruvic acid and lactate have also been studied. The use of the sensor to determine hydrogen 
peroxide in samples of bovine serum, beparinized blood and water is also shown. 

Keywords: Chronoamperometric H 2 Oj sensor, Ferrocene mediator, Glassy carbon electrode; Horseradish peroxidase 



1. Introduction 

The determination of trace amounts of H 2 0 2 is of 
practical importance in clinical, environmental and bi- 
ological studies, and it is used in many other fields, 
such as chemical and industrial processes (e.g., waste- 
water treatment) [1]. Many amperometric sensors bave 
been developed for this purpose. Widespread interest 
may also be due to the clinical, industrial, and hence 
commercial, importance of such a biosensor [2]. 

Analysis of biological systems, such as blood and 
brain fluid, is probably its main area of application, 
but a problem with such analyses is the presence of 
endogenous electroactive species, e.g., ascorbic and uric 
acids (AA and AU, respectively), which may oxidize 
directly on the electrode surface and contaminate the 
enzyme-mediated current [3]. Since the concentration 
of these interfering substances fluctuates constantly in 
biological tissues and fluids, it is essential to eliminate 
these effects. 

'Corresponding author. 



The biosensor systems that have received by far the 
greatest attention to date are enzyme electrodes [2]. 
For instance, horseradish peroxidase (HRP) usually 
catalyses the oxidation of substrates by H 2 0 2 and it is 
a very commonly used enzyme in amperometric mea- 
surements [2,4,5]. 

A range of techniques exists to immobilize the enzyme 
at an electrode surface: e.g., covalent attachment with 
functional groups generated on the surface of the 
electrode [2], the cro^inking of the enzyme in a protein 
matrix using glutaraldehyde [2], trapping of the enzyme 
in a polymeric film support attached to solid electrodes 
(crosslinked redox conducting polymers can also act as 
effective electron-transfer mediators) [6,7], mixing with 
graphite in the so-called carbon-paste electrodes [8-10], 
adsorption [11], physical trapping of the enzyme behind 
a dialysis membrane [12] or even the use of tissues 
with a high HRP content [13]. 

These approaches have often been combined with 
the use of a macroscopic membrane in order to reduce 
electrode fouling and to diminish interference caused 
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by electroactive species present in the sample [9,12,14]. 

Direct electron transfer from the electrode to the 
haem constituting the redox centre of HRP is mainly 
hindered by the insulating polypeptide network of HRP 
and by the spacer layer between HRP and the electrode 
[15]. Although some papers report there being an 
apparent direct electron transfer between various elec- 
trode materials and peroxidases [15,16], a mediator is 
usually required [5,10]. 

Many enzyme electrodes make use of synthetic me- 
diators that shuttle this electron transfer and offer new 
advantages such as a lower necessary overpotential, 
thus diminishing the interferences of electroactive spe- 
cies usually present in physiological fluids [4,5]. The 
small-molecule electroactive mediators are used either 
free in solution [11,17] or bound to the electrode surface 
[5,18,19] in order to increase the rate of electron transfer 
between the electrode and protein. 

The mediator must react rapidly with the reduced 
enzyme, exhibit chemically reversible behaviour, and 
possess a low overpotential for regeneration. Although 
many organometallic and organic mediators have been 
proposed (e.g., phthalocyanines, hexacyanoferrate(lII), 
ruthenium oxide complexes, metalloporphyrins, qui- 
none, tetrathiafuhvalene, phenylenediamine or phena- 
zine) [4,10,11,18], the ferrocene group has proved to 
be particularly important in the development of sensors 
involving H 2 0 2 determination [5,8,9,17-19]. 

In this paper, a peroxidase-modified glassy carbon 
electrode for the chromoamperometric determination 
of H 2 0 2 is described. The enzyme is immobilized on 
the carbon substrate by adsorption, and ferrocene mono- 
carboxylic acid is used as a substrate dissolved in the 
sample solution. The reaction is the two-electron ox- 
idation of peroxidase in the presence of substrate 
(H 2 0 2 ), the latter being reduced to water. The ferrocene 
is then oxidized by the enzyme acting as an electron 
donor to the oxidized iron in the haem protein, the 
native enzyme being regenerated by electron transfer 
from the mediator in its reduced form. 

The total charge necessary to reduce the mediator 
on the electrode (related to peak-height in the obtained 
chronoamperogram) was measured by chronoamper- 
ometry with E, ppli€i =+50 mV versus SCE, and this 
change is proportional to the concentration of H 2 0 2 . 
The time for the evolution of the complete chronoam- 
perogram is only about 20 s. 



2. Experimental 

2.1. Apparatus 

Electrochemical experiments and chronoampero- 
metric measurements were performed with an Inelecsa 
1212 potentiostat/galvanostat interfaced with an Acer 



915 computer (80286 microprocessor IBM compatible) 
and a Star LC-10 printer for recording the chronoam- 
perograms. Instrument parameters of the chronoam- 
perometric techniques, stirring and digital peak mea- 
surements were controlled by compiled BASIC 
programs. 

All electrodes were from Methrom. A saturated 
calomel electrode (SCE) and Pt wire were used as 
reference and counter electrodes, respectively. A glassy 
carbon electrode (GCE, 3 ±0.05 mm diameter) and 
rotating disk electrode (RDE, model 628-10, 3 ±0.05 
mm diameter) were used alternately as working elec- 
trodes. A minivoltammetric cell with a maximum working 
volume of 1.5 ml was used. 

A digital Crison conductivimeter (model 525), with 
conductivity cells of AT— 1 cm ' was also used to test 
the ohmic resistance of solutions. 

2.2. Reagents 

Peroxidase (type VI-A) from horseradish was ob- 
tained from Sigma Chemical Co. Stock solutions of 1 
mg ml 1 were prepared by dilution in a 0.1 M phosphate 
buffer (pH»7.0) and stored at 4 °C in a refrigerator. 

Stabilized 30% hydrogen peroxide solution was pur- 
chased from Merck. The concentration of more dilute 
solutions of peroxide (prepared daily) was standardized 
by titration with potassium permanganate. 

Commercially available ferrocene monocarboxylic 
acid (Aldrich) was directly used. Solutions of 0.5 mM 
were prepared daily by dissolving in a previously deox- 
ygenated phosphate buffer (0.05 M, pH=7.0) after 
passing a nitrogen flow for 15 min. 

A 5 wt.% solution of Nation* (Aldrich, prepared 
from Nafion* 117 perfluorinated membrane) was diluted 
in a 0.9/0.1 (v/v) methanol/water mixture to obtain the 
coating solution containing 0.04 wt.%. 

All other chemicals were of high purity (analytical- 
reagent grade, Merck). High-purity water was obtained 
from a Millipore Milli-Q water system. All sample 
phials were rinsed in 0.5 M nitric acid and high-purity 
water before use. 

2.3. Preparation of the enzyme electrode 

Before immobilizing the enzyme, the GCE was pol- 
ished for 60 s with 0.3 pm o-Al 2 0 3 (alumina) particles, 
washed thoroughly with water and ethanol between 
each polishing step, sonicated in water for 5 min, rinsed 
again and dried with filter paper. The peroxidase was 
immobilized by adsorption to cover the active carbon 
disk, and this was done by dipping the electrode at 
4 °C for 24 h in a 10 ^g ml -1 horseradish peroxidase 
(type VI) solution in phosphate buffer. The electrode 
was left at room temperature and conditioned with five 
measurements before use. It was stored at 4 °C in a 
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0.1 M phosphate buffer (pH=7.02) when not in use. 
The enzymatic electrode was useful for at least one 
week. 



3. Results and discussion 

3.1. Analytical procedure 

A solution of mediator (ferrocene monocarboxylic 
acid, 0.5 mM) and buffer (phosphate 0.05 M, pH=7.02) 
was deoxygenated with N 2 for 5 min in a minivoltam- 
metric cell. The total volume of the former solution 
(mediator in phosphate buffer) is 0.5 ml. After main- 
taining the rest potential (E mt ) of +25 mV for 10 s, 
a potential £«p P = +50 mV was applied (step height 
+ 25 mV) and then 50 ^1 of the sample solution with 
H 2 0 2 (containing from 0.5 XlO"'-5xlO" 5 Mof H 2 0 2 ) 
was injected with an Eppendorf micropipette within 
an interval of 10 s (the dilution factor is 1/11). While 
maintaining £, pp - +50 mV for 50 s, the current-time 
response (chronoamperogram) was recorded. 

Typical chronoamperometric (current-time) response 
curves on addition of sample containing H 2 0 2 are shown 
in Fig. 1. The fundamental reaction is the enzymatic 
reduction of H 2 0 2 to water by horseradish peroxidase 
with the ferrocene acting as an electron donor; the 
ferricinium ion is reduced at the electrode, then the 
native enzyme is regenerated by subsequent electron 
transfer from an electrode to the peroxidase via the 
ferrocene mediator. 

3.2. Preliminary assays 

A number of ferrocene derivatives with a range of 
redox potentials (usually between 100 and 450 mV 
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Fig. 1. Typical chronoamperometric responses to additions of hydrogen 

peroxide solutions: 1, blank solution ( ); 2, after injection of 50 

Ml of a 5.4 iM Hj0 2 solution ( — ), the concentration of final solution 
being OS pM H 2 0* 3, after injection of 50 ul of a 9.8 uM HjQj 
solution ( — ), the concentration of final solution being 0.9 jiM H,Oj. 



versus SCE) have been evaluated in the literature as 
oxidants, mainly for HRF and glucose oxidase [4,5,19]. 
They usually have a well-behaved redox couple, ex- 
hibiting rapid electron-transfer reactions and properties 
(such as solubility and redox halfwave) that are easily 
modified by substitution [19]. 

Ferrocenemonocarboxylic acid (FC) was selected for 
this work because of its good ability to mediate electron 
transfer between a number of flavoprotein oxido-re- 
ductases, particularly HRP and H 2 0 2 [5], and its poor 
solubility in water (a good characteristic for its im- 
mobilization). HRP reduces H 2 0 2 to water and fer- 
rocene can then act as an electron donor to the oxidized 
iron in the haem protein. The ferricinium ion can be 
reduced at the electrode, the charge involved being 
proportional to the concentration of hydrogen peroxide. 

Cyclic voltammetry was used first of all in order to 
assess the ability of the ferrocene to act as a mediator 
in a variety of electrode substrates. Initial experiments 
in a batch system containing a dissolved mediator, H 2 0 2 
and HRP were carried out by recording a series of 
cyclic voltammograms between 0 and + 500 mV at scan 
rates of 10-200 mV s _1 . 

FC gave consistent voltammograms, controlled solely 
by diffusion, with reversible one-electron electrochem- 
ical behaviour (AE P *60 mV, i v l(v) ia *> constant) with 
all the following Metrohm disk electrodes (3 ±0.5 mm 
diameter): GC, Au, Ft and Ag. Introduction of per- 
oxidase had no discernible effect upon their electro- 
chemistry. 

However, on addition of H 2 0 2 to a solution of FC 
and HRP, steady-state voltammograms of the EC (chem- 
ical following electrochemical electrode process) mech- 
anism [19] were observed at a scan rate of 10 mV s" 1 : 
no peaks were observed and a catalytic current flowed 
at reducing potentials, which implies a catalytic re- 
generation of the oxidized mediator by peroxidase in 
the presence of hydrogen peroxide. This effect is ob- 
served in Fig. 2. Steady-state behaviour provides pre- 
liminary evidence that the kinetics of the HRP-catalysed 
oxidation of the mediator are rapid. 

Such electrochemical behaviour was found with both 
carbon and metallic electrode substrates, and so a GC 
substrate was selected as the most effective for the 
subsequent enzyme immobilization. Also the carbon 
electrode gave the greater constants for i p /(v) 1/2 « 
constant, which implies that it gave the best sensitivity 
(charge-transfer) for the same concentration of FC 
compared with the others. 

The performance of some substituted ferrocene me- 
diator couples (including FC) has already been evaluated 
by several authors using cyclic voltammetry and diverse 
enzyme substrates [4,5,19]. Similar behaviour is re- 
ported, and good charge-transfer rate constants were 
calculated in all cases. 
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Fig. 2. Cyclic voltunmograms of: 1, the ferrocene mediator (0.2S 
mM) solution with HRP (5 /ig ml" 1 ); 2, with addition of hydrogen 
peroxide (1 mM). Potential scan rate 5 mV s"'. 

A complete electrochemical study of this system 
(HjO* FC and HRP) was performed by cyclic voltam- 
metry with a GCE substrate and by the use of Nation 
as a polymer network to exclude interferences. Three 
initial attempts at determining hydrogen peroxide were 
assayed: 

(1) immobilization of peroxidase and ferrocene mono- 
carboxylic acid on the GCE and covering it with an 
excluding polymer (Nafion); 

(2) immobilization of the mediator with and without 
Nafion and solubilized peroxidase; 

(3) immobilization of the peroxidase on the electrode 
and adding the mediator to sample solution. 

Coating of working electrodes with polymer perm- 
selective membranes is a common procedure introduced 
to circumvent the adsorption of surface-active com- 
pounds onto a planar GC surface [20,21]. The attractive 
features of Nafion (chemical inertness, non-electroac- 
tivity, hydrophilic and insoluble in water) have been 
particularly useful in voltammetry [20,21]. 

The first attempt to cover the enzyme layer with an 
anionic exclusion polymer such as Nafion was carried 
out. The very thin films of the Nafion coat allowed 
rapid electrode response to the mass transport of the 
analyte, there being a compromise between the un- 
hindered transport of the H 2 0 2 and the exclusion of 
organic matter or interfering substances present in the 
sample solution. The aim was to exclude interfering 
readily oxidizable species such as ascorbic and uric 
acids (usually present in biological fluids at concen- 
trations of 5-20 mg/100 ml), which cannot diffuse 
through the polymer. The effectiveness of the Nafion 



in excluding large molecules can be observed in the 
cyclic vbltammograms of Fig. 3. 

The electrode was covered quickly and simply as 
described previously [20,21] by applying 7 /xl of a 0.04% 
(m/v) Nafion solution to the GC surface with a microlitre 
pipette. The thickness can be controlled by varying the 
concentration of the Nafion solution and/or the volume 
of this solution. Previously the FC and HRP were co- 
immobilized (in the order cited) on the GC substrate 
as described. 

Although the modified electrode with Nafion shows 
good selectivity to AU and AA in the determination 
of H 2 0 2 (see voltammograms of Fig. 3), nevertheless, 
desorption of the enzyme and FC was observed, together 
with losses (solubilization) from the electrode after 
several measurements. This was observed when attempts 
to immobilize the enzyme and/or FC and also covering 
with Nafion were carried out The reason for this is 
that Nafion solubilizes the adsorbed peroxidase and 
ferrocene monocarboxylic acid on the electrode, and 
it also denaturizes the enzyme because it is dissolved 
with methanol. 

Although the Nafion effectively excluded interfering 
molecules such as AA and AU, it was not subsequently 
used. Unfortunately a modified electrode prepared by 
adsorption of FC only (second attempt) was also not 
successful due to its quick solubilization after 10-15 
measurements and the expense because of the enzyme 
loss after the H 2 0 2 determination. 

In both cases the mediator (ferrocene) was adsorbed 
onto the graphite substrate by depositing 10 /d of 0.05 
mM FC solution in toluene on the electrode tip, and 
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Fig. 3. Cyclic voltammograms of the ferrocene mediator ([FC] -0.20 
mM in all cases) with: 1, bare GCE ( — ); 2, GCE modified by 
covering with 7 pi of 0.04% (m/v) of Nafion ( — ); 3, same as before 
but with addition of uric acid (5 X 10 " 3 M) and ascorbic acid (5 X 10~ 3 
M) solutions ( ). 
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leaving it to evaporate to air. Besides, it was electro- 
chemically observed that FC is best solubilized in a 
deoxygenated phosphate buffer rather than in water 
or methanol. 

The third attempt was the best, with mediator added 
to the sample solution. The procedure for the im- 
mobilization of the enzyme is described in Section 2. 
The lifetime of the enzyme electrode was at least one 
week (approximately 150-200 measurements can be 
made in that time) if correctly stored at 4 °C in a 
refrigerator in a 0.1 M, pH=7 phosphate buffer. 

Therefore, our method offers the following advan- 
tages: immobilization of HRP to prevent the loss of 
this expensive reagent; good electron transfer between 
the immobilized HRP and the soluble mediator; a low 
redox potential (below + 100 mV) to reduce the fer- 
ricinium; and reduced interference by electroactive 
species such as AA or AU. 

3.3. Chronoamperometric determination of hydrogen 
peroxide 

The electrochemical determination of H 2 0 2 is based 
on the following enzymatic reaction: 

H 2 0 2 +2FC+2H + P ° TOld "'» 2H 2 0+2FC + 

where HRP catalyses the reduction of substrate (hy- 
drogen peroxide) mediated with the electron donor FC. 
The reduction of the oxidized ferricinium thus con- 
stitutes an indirect means of determining the concen- 
tration of H 2 0 2 involved in the reaction. 

Samples were analysed as described previously (refer 
to Section 3.1 for details). Samples with different con- 
centrations of H 2 0 2 were injected using a micropipette 
and the chronoamperometric response arising from the 
reduction of ferrocene (current-time) was recorded. 
Fig. 1 shows typical chronoamperograms following this 
procedure, the peaks obtained being clearly dependent 
upon the concentration of hydrogen peroxide introduced 
into the system. In these chronoamperograms, the max- 
imum catalytic current (peak-height) was plotted against 
the H 2 0 2 concentration. 

The applied potential (+50 mV) was just below 225 
mV from the potential of the ferrocene redox couple, 
thus avoiding high overpotential and background cur- 
rent. A second step of AE P (pulse potential) = -50 mV 
(potential after pulse =0 mV) with t p (pulse time) =30 
s was finally applied in order to condition the electrode 
for the next measurement This obviously recorded an 
inverse chronoamperogram, which is not important for 
analytical purposes. 

Chronoamperometry as a pulse-mode amperometry 
was used, in contrast with the normal d.c. amperometry 
mode where the potential is continuously kept at the 
same reducing potential. This implies some advantages, 
like reduced electrode fouling or passivation [18]. Pulse 



potential and the measurement of current with time 
(a non-stationary method) is also advisable when the 
charge transfer in the electrode is coupled with chemical 
reactions or adsorption processes. 

Stirring of the sample solution was hot necessary 
because of the small volume (03 ml) and the rapid 
homogenization when injecting the solution with H 2 0 2 . 
Convection during injection was avoided as much as 
possible by depositing the solution uniformly with care, 
in order to improve the precision and shape of the 
chronoamperogram. In consequence the obtained sig- 
nals are controlled solely by diffusion. 

3.4. Analytical performance 

A series of standard solutions was injected in triplicate 
to test the linearity of the calibration graph. The current 
response was linear with the concentration of H 2 0 2 in 
the final solution ranging from 0.5 XlO -7 to 5 XlO -6 
M (slope 1.88 (iA iM~\ correlation coefficient 
r=0.9990, n = 10). 

The reproducibility of the electrode calculated from 
a solution of 7 X10" 7 M H 2 0 2 with the described 
experimental procedure, expressed as a relative standard 
deviation, was 5.92% (n = 10 repeated measurements). 

The slope and linearity of the calibration graph 
remained near reproducible a week after the electrode 
fabrication, 120-140 measurements being taken in this 
time, and hence the electrode can be used for at least 
one week after HRP immobilization. Nevertheless, be- 
cause slight variations in slope could occur with time, 
it is advisable to use the standard additions method 
for application of the enzyme electrode. Care should 
also be taken to avoid enzyme saturation with high 
concentrations of substrate (H 2 0 2 ), which obviously 
produces anomalous results. The maximum advisable 
concentration of H 2 0 2 was about 8 XlO" 6 M. The 
attained detection limit of the enzyme electrode was 
4X 10 -8 M (1.4 ng ml -1 ) of H 2 0 2 in the final solution. 

3.5. Interferences 

The effect of substances that might interfere with 
the response of the enzyme electrode was examined. 
Table 1 summarizes the interference effect among var- 
ious interfering species commonly present in both the 
biological and the water samples used. 

For the study of interference the standard additions 
methods was used: 50 jil of two sample solutions with 
H 2 0 2 alone and H 2 0 2 +interferent were successively 
injected in duplicate. In all cases the H 2 0 2 concentration 
was 7xl0" 7 M. 

The interference mechanism could be the direct 
oxidation/reduction of species on the electrode, inhi- 
bition of the enzyme or chemical reaction with ferrocene 
and/or hydrogen peroxide. 
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Table 1 

Effect of potentially interfering substances on the chronoamperograms 
for the determination of HjO* ratio to original signal with respect 
to 7x10"' M of H 2 0 2 that does not interfere 



Interferent 


Ratio of 




concentrations 


Albumin 


5000/1 


Haemoglobin 


1000/1 


Glutathione 


1000/1 


Bilirubin 


1000/1 


D + glucose 


1000/1 


Riboflavin 


1000/1 


Lactic acid 


500/1 


Ascorbic acid 


100/1 


Uric acid 


1000/1 


Pyruvic acid 


509/1 


Table 2 




Results on the determination of H 2 Oj in blood and water samples. 


Concentrations are expressed as mean±s.d. (n-4) 


Sample 


Found 




concentrations 




ml-') 


Bovine whole blood 


1.98 ±0.06 


(heparinized) 




Bovine serum 


1.00 ±0.08 


Bovine plasma 


1.15±0.07 


Drinking water 


0.87 ±0.05 



4. Conclusions 

The construction of an enzymatic sensor by adsorptive 
immobilization of peroxidase onto a glassy carbon elec- 
trode, based on diffusing ferrocene mediator, provides 
a modified electrode with excellent analytical perform- 
ance to determine hydrogen peroxide. It is easy to 
prepare and gives good long-term stability. 

The immobilization of the enzyme enables this ex- 
pensive reagent to be reutilized economically, the life- 
time of the electrode being about one week (stable 
signals for at least 150-180 measurements). 

Problems with convection (diffusion) on injecting the 
sample solution are minimized because of the small 
volume of the ferrocene solution. 

The analytical utility of the sensor in the detection 
of hydrogen peroxide has been demonstrated in water 
and blood samples with no necessary pretreatment. 
Ascorbic and uric acids did not interfere up to a ratio 
of 100/1 with respect to the hydrogen peroxide con- 
centration. 
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A common interferent is ascorbate, which is readily 
oxidizable and present at high concentrations in blood 
and other biological fluids. However, an important 
feature of mediated electrodes is that they can be 
applied where interference at positive potentials may 
pose a problem. This sensor is operated at an over- 
potential that is too low to cause direct oxidation of 
ascorbate, which greatly reduces the capacity of as- 
corbate and other substances to interfere with it. As 
can be seen in Table 1, for instance, H 2 0 2 can be 
detected even in the presence of large concentrations 
of other naturally reducing substances such as ascorbic, 
lactic and uric acids. 

3.6. Applications 

The sensor was applied to determine hydrogen per- 
oxide in drinking and natural (river) water and bovine 
blood samples. No pretreatment of the samples was 
required due to the sensitivity and selectivity of the 
method. The standard additions method was used: SO 
ti\ samples (diluted with water to about one tenth or 
with added H 2 0 2 solution) were successively injected. 
All measurements were carried out in duplicate. Results 
are summarized in Table 2. 
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